ABSTRACT: Anterior cruciate ligament injury (ACLi) reduces mechanical knee joint stability. Differences in muscle activation patterns are commonly identified between ACLi individuals and uninjured controls (CON); however, how and which of these differences are adaptations to protect the knee or adversely increase risk of joint instability remain unclear. Since the neuromuscular system integrates activity of all muscles crossing the knee to create a moment-of-force that opposes an external load, this study sought to quantify differences in individual muscle electromyography (EMG)-moment relationships between ACLi and CON. Participants isometrically modulated ground reaction forces during a standing force matching protocol to elicit combinations of sagittal, frontal and transverse plane moments. Partial least squares regressions determined which internal joint moment(s) predicted activation of 10 leg muscles for each group. Compared to CON, ACLi demonstrated greater contribution of rectus femoris to knee extension, semitendinosus and gastrocnemii to knee flexion, and lateral gastrocnemii to knee external rotation moments. ACLi also showed lower contributions of biceps femoris to knee flexion, medial gastrocnemius to internal rotation, and varied hip muscle contributions to frontal plane hip moments. Between group differences in EMG-moment relationships during static conditions suggest neuromuscular contributions to sagittal plane stability increases after ACL injury, while knee stability during knee abduction and external rotation is reduced. Clinical Significance: Clinical assessments of ACLi should account for deficits in frontal and rotational plane stability by including tasks that elicit such loads. Improving hamstring muscle balance, hip abductor and gastrocnemius function may benefit ACLi rehabilitation interventions and should be studied further. ß
Rupture of the anterior cruciate ligament (ACL) is the most common traumatic knee injury in active adults. Surgical reconstruction of the ACL is often performed to restore the joint's mechanical integrity; however, the relative importance of invasive interventions over more conservative treatment is debatable. Although a strategy of initial rehabilitation (with the option of ACL reconstruction later) in patients with acute ACL injury (ACLi) yields the same subjective results (judged by an outcome questionnaire) as an early reconstruction with post-operative rehabilitation, an approach of initial rehabilitation reduces the number of ACL reconstructions by 50%. 1 This suggests that conservative approaches, such as neuromuscular rehabilitation, should be considered as a primary treatment option. However, less than 50% of ACLi patients regain pre-injury levels of physical activity and experience reduced levels of self-efficacy.
1,2 More work is needed to improve our understanding of neuromuscular contributions to knee joint stability such that rehabilitation programs can be optimized.
During functional tasks and sporting activities, the knee is exposed to large and rapidly changing external loads. The ability to effectively oppose these loads through an equalization of force and maintain a proper alignment is known as knee joint stability. 3 Soft tissue restraints (i.e., ligaments, joint capsules, menisci) contribute to knee joint stability through their passive mechanical properties. However, during high loading conditions that exceed passive tissue tolerance levels, the main contributor to knee joint stability and contact mechanics are tensile forces produced by muscles crossing the knee that act to pull the tibia and femur together. 4 Muscle forces can maintain stability against externally applied loads even when passive tissue restraints have been removed in vitro. 5 They do so by each muscle activating and producing a moment-offorce that is specific in direction based on its anatomical orientation. The activity of all muscles crossing the knee are integrated so that when summated, the muscular force products (in addition to force contributions from passive restraints) create a net joint moment-of-force that can effectively resist non-physiological motion caused by the external load. In high loading conditions, soft tissue restraints are important in providing afferent feedback of force and motion through various mechanoreceptors located in ligaments, tendons, and muscle fibers. 6 Since knee joint function is governed by an individual's ability to actively respond and adapt to external loads applied to the knee, understanding the relationship between neuromuscular control and knee loads is key in determining which adaptations and/or treatment methods increase knee stability and which do not. After ACLi, neuromuscular contributions to knee joint stability is compromised due to a loss of afferent feedback 7 and consequent inhibition of quadriceps muscle function. 8 As compensation, ACLi individuals typically display increased levels of quadriceps activity, earlier onsets of muscle activation, increased antagonist co-contraction, and/or overall temporal differences in activation patterns compared to controls (CON). 9 Despite these differences, ACLi individuals continue to have reduced levels of self-efficacy, physical activity, and commonly experience episodes of "giving way" or re-injury. 1, 2 There exist conflicting interpretations on how and which of these neuromuscular compensation strategies after ACLi relate to loads acting on the knee. [10] [11] [12] [13] To better elucidate this relationship, isometric exercises are commonly used whereby changes in individual muscle activations can be correlated to changes in a net-joint moment. However, previous studies commonly limit analysis to a single loading plane and/or are non-weight bearing. 10, 14 Since non-contact knee joint injuries occur when the foot is in contact with the ground and the individual bears weight, we developed a reliable task that requires subjects to stand and modulate ground reaction forces (GRF) while maintaining a static position to elicit various combinations of sagittal, frontal, and transverse plane moments. [15] [16] [17] As such, we can simulate physiological loads in a controlled yet more functionally relevant manner which is critical to gain a better understanding of the neuromuscular contribution to force generation and joint stability.
The purpose of this study was to identify differences in the relationship of individual muscle activations and internal joint moments between ACLi participants and uninjured CON using a reliable isometric weightbearing force matching protocol. 15, 16 Consider that (1) greater knee abduction angles and internal moments; (2) greater knee rotation angles and internal moments; and (3) reduced knee flexion angles and greater knee extension internal moments are defining factors in the non-contact ACL injury mechanism, and are associated with reports of ACLi knee instability. [18] [19] [20] Therefore, compared to CON, ACLi muscle activations that have a greater relationship with internal knee abduction, rotation, and extension moments can be considered strategies that reduce knee joint stability, while muscle activations that have a greater relationship with internal knee adduction and flexion moments are considered strategies that increase knee joint stability. It was hypothesized that ACLi would have a reduced relationship between quadriceps activation and knee extension moments, and a greater relationship between both hamstring and gastrocnemius muscle activation to knee flexion moments compared to CON. These differences are believed to be neuromuscular adaptations to increase knee joint stability. 9 
METHODS
Type of Study: Case-Control. Level of Evidence: Level III.
Participants
Twenty-four adults with ACLi knees were recruited from Bispebjerg Hospital, Copenhagen, Denmark and participated in this study. MRI or arthroscopy confirmed ACL rupture. Inclusion criteria for ACLi were injury of the dominant limb, report of knee instability at time of consult, and consented for reconstructive surgery. Twenty-four participants with no history of significant lower limb injuries (meniscus tears, ACL injuries, lower limb fracture or sprain within the past 6 months) participated as CON. CON participants were recruited from the University of Copenhagen, Denmark and surrounding community and were matched to ACLi for sex, age, BMI, and leg dominance ( Table 1) . Limb dominance was defined as the leg used to kick a soccer ball as far as possible. Based on previous work, 15 a power analysis (G Ã power, v3.1) determined a priori that a minimum sample size of 18 participants in each group was required to detect differences in EMG magnitudes at the alpha ¼ 0.05 level with a power of 80%.
Experiments were completed at the University of Copenhagen. This study was approved by local ethics committee for the Capital Region of Denmark (H-3-2013-126) and the University of Ottawa Research Ethics Board (H06-14-27) with all participants providing written informed consent. Participants completed a series of self-reported questionnaires of functional capacity including the Knee injury and Osteoarthritis Outcome Score (KOOS), 21 International Knee Documentation Committee (IKDC) subjective knee form, 22 Lysholm scale, 23 and Tegner physical activity score. 25 EMG was sampled at 1,000 Hz with a 20-00 Hz bandwidth and a 6 dB/ octave filter slope using a 10-channel wireless EMG system (MQ air, Marq Medical, Farum Denmark) and recorded in the system's supporting software (MQ Fireworks, Marq Medical, Farum Denmark). Signal quality and cross-talk was visually inspected during isolated exercise with manual resistance from the researcher.
Trajectories of retro-reflective markers (placed according to HMBL Cluster Marker set 26 ) were recorded using a 10-camera motion analysis system (6 MXF-40s and 4 T-series cameras, Oxford Metrics, Oxford, UK) sampling at 100 Hz with supporting Nexus software (version 1.8.5, Oxford Metrics, Oxford, UK). Ground reaction forces (GRFs) recorded from a force platform (AMTI-OR6, AMTI, Watertown, MA) were also collected in Nexus at 1,000 Hz and amplified with an internal gain of 1000 (MSA-6, AMTI, Watertown, MA). The force platform for the leg of interest had a water ski boot (HO Skis, Snoqualmie, WA) fixed to its surface in order to maintain a solid base for foot-to-ground force transfer but still allowing mobility of the ankle joint.
Protocol
A detailed description of the protocol and its reliability has been previously reported. 16, 17 In brief, maximum voluntary isometric contractions (MVICs) were first performed. Hip extension, hip flexion, hip adduction, and hip abduction were performed while standing in a neutral position and effort was exerted against a strap placed above the ankle. If participant experience discomfort during hip ab/adduction, the strap was moved above the knee at the level of the femoral condyles. For plantarflexion, participants stood and raised to their toes while resisting upward motion using wall mounted bars. Knee extension and flexion were performed with manual resistance while participants sat with hip and knee flexed to 90˚and 30˚, respectively.
The test leg was then placed in the ski boot fixed to the force platform (Fig. 1A) . Participants stood in a staggered position such that their feet were spaced hip width apart and the test leg had approximate joint angles of 30˚hip flexion, 30˚knee flexion, and 10˚ankle plantarflexion. Participants were instructed to maintain this configuration with an upright truck posture throughout the testing protocol. To standardize the experimental task, participants first completed a set of maximal standing effort trials by exerting as much force as possible with their test limb against the force plate in the anterior, posterior, medial and lateral anatomical loading directions, while maintaining equal body weight on each leg.
Participants controlled a projected image of a cursor on a screen by pushing against the force platform with their foot, while maintaining equal body weight on each leg. Medial/ lateral forces moved the cursor left/right on the screen, anterior/posterior forces moved the cursor up/down, and inferior-superior forces made the cursor smaller/bigger. Successful match of the cursor to a force target, for half a second, triggered data collection. Twelve force targets, each scaled to 50 AE 3.5% body mass, were evenly spaced by 30å bout a circular trajectory (representing various horizontal anterior-medial-posterior-lateral loading directions) and n, number of participants; KOOS, The Knee injury and Osteoarthritis Outcome Score; IKDC, International Knee Documentation Committee; ADL, activities of daily living; QOL, quality of life. ACLD Tegner are perceived levels before (B) and at time of participation (after injury, A). Significant between group differences were accepted at the p < 0.05 level.
Figure 1. (A)
The foot of the test limb is placed in a wakeboard boot that is fixed to a force platform. The knee of the test foot is flexed to 30˚. While exposing equal weight to each leg, the participant is required to modulate various combinations of horizontal ground reaction forces (GRF) (depicted as the circular plane at the ground-foot interface). Biofeedback of the participant's direction and magnitude of GRF was displayed as a circle cursor projected on a screen in front of the participant (not shown). (B) Force target size was scaled to 50% body mass. Cursor size could vary by AE3.5% body mass represented by the inner and outer circles. Target locations were evenly spaced about a circular trajectory. Each radii's magnitude is representative of the force level required to reach each target, normalized to 60% of subjects maximal effort. Numbers about circular trajectory describe the relative force target direction in degrees (0˚¼ pure lateral, 90˚¼ pure anterior, 180˚¼ pure medial, 270˚¼ pure posterior).
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randomly appeared (Fig. 1B) . Each direction had three different force magnitudes (30%, 45% and 60% max standing effort). These 36 targets were matched twice for 72 targets total. Previous work 16 showed muscle activation patterns and the roles of muscles as it relates to knee joint stability does not change with an increase in force effort level. As such, only data for the 60% targets were analyzed in this study.
Following completion for the force matching protocol, participants completed a set of dynamic tasks including oneand two-legged squats, side cuts, lunges, counter movement jumps, and single legged hopping. Data from dynamic tasks are not reported in this study.
Data Processing
Marker trajectories and GRFs were conditioned with a 2nd order dual-pass 15 Hz low pass Butterworth filter in Nexus and exported to OpenSim (v 3. 2 27 ) to compute lower limb joint angles and internal net joint moments using inverse kinematics and dynamics. EMG was high-pass filtered at 20 Hz with a 2nd order dual-pass Butterworth filter, full wave rectified, low-pass filtered at 10 Hz with a 2nd order dual-pass Butterworth filter. Experimental EMG (EMG exp ) was normalized to EMG max of the MVIC trials (EMG exp / EMG max ). EMG max for each muscle was computed as a 50 ms mean about the maximum value in the conditioned EMG signal across all MVIC exercises. EMG, kinematic and kinetic data were time averaged over the half second of successful force target match and ensemble averaged across repetitions. Group mean EMG and moments were plotted in polar coordinates to display how activation and moments modulate as a function of force loading direction.
Data Analyses
Partial least square regression (PLSR) models (XLSTAT, New York, NY) with cross-validation (leave-one[subject]-out method) 28 evaluated the relationship between individual muscle activations (dependent variable) and internal net joint moments (predictor variables). 16 Model goodness-of-fit was assessed with the variance explained (R 2 ) statistic and defined as very weak (R 2 < 0.1), weak (0.1 < R 2 < 0.3), moderate (0.3 < R 2 < 0.5), or strong (R 2 > 0.5). A predictor's standardized beta coefficient (b) described a muscle's relative increase in normalized muscle activation with an increase in a given moment of 1Nm/kg when all other moments are held constant. A higher b therefore indicated a stronger relationship between that moment variable and that muscle's activity. Only significant positive coefficients (determined with 95% confidence intervals) were considered meaningful.
Significant between group differences in sagittal plane hip, knee and ankle joint angles were determined with multivariate analysis of variance. Significant group mean differences in target forces (at 0˚, 90˚, 180˚, and 270˚), peak muscle activation, peak moment, R 2 and b values were determined with independent T-tests using SPSS (v20.0, IBM, Armonk, NY) at the alpha ¼ 0.05 level. Between-subject reliability of muscle activation and moment profiles were evaluated with intra-class correlation coefficients (ICC (2, k) ). Reliability was accepted at ICC > 0.75. 29 
RESULTS
ACLi had significantly lower KOOS, IKDC, and Lysholm scores compared to CON (p < 0.05). ACLi preinjury Tegner scores did not significantly differ from CON but were significantly lower at time of participation (after injury) ( 
Significantly greater group mean peak VL, MG, and ADD EMG amplitudes were observed in ACLi compared to CON (Table 2 ; Fig. 2 ). CON elicited significantly greater peak hip and knee moments in 9/12 moment types compared to ACLi (Table 2; Fig. 3 ). ICCs (2,k) for muscle activation and moment patterns ranged, respectively, from 0.82 to 0.99 and 0.92 to 0.99 for CON and 0.73 to 0.97 and 0.75 to 0.99 for ACLi, indicating high between-subject reliability in both groups.
Regression Models
All PLSR models showed significant associations between internal joint moments and muscle activation (p < 0.05); however, goodness-of-fit (R values for VL, MG, and ADD muscles were also observed in ACLi compared to CON. All muscles showed significant between group differences in one or more of the moment bs, except TFL (Fig. 4) . As muscle activations relate to knee moments, ACLi showed (1) respective higher and lower knee extensor bs for RF and vastii; (2) respective higher and lower knee flexion bs for ST and BF; and (3) respectively greater internal knee rotation and lesser external rotation bs for LG and MG, compared to CON. Additionally, LG and MG yielded significant b values for knee flexion in ACLi where CON did not. A notable difference in hip muscles was GM's lower bs for hip abduction in ACLi compared to CON. Group mean EMG polar plots. Numbers about the circular trajectory represents force target direction in degrees (0˚¼ pure lateral, 90˚¼ pure anterior, 180˚¼ pure medial, 270˚¼ pure posterior). Where the pattern intersects the radii is the group mean normalized EMG amplitude (EMG/EMG max ) required to reach the given target. Each polar plot is scaled to the italicized number left of the 90˚radius label. Asterisks ( Ã ) indicates significant between group difference in peak EMG magnitudes at p < 0.05 level as denoted in Table 2 .
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DISCUSSION
This study identified differences in individual muscle EMG-moment relationships between an ACLi population seeking surgical reconstruction for instability and healthy matched CON. As the ACL injury mechanism and reports of knee instability are related to greater knee rotation angles, greater knee abduction angles and moments, reduced knee flexion angles, and greater knee extension moments, [18] [19] [20] our results of a stronger relationship (evidenced by greater b values) between a given muscle and knee flexor, knee adductor, and counteract rotational moments is suggested to protect the knee and improve joint stability. 30, 31 Our results, in part support our hypothesis: Compared to CON, ACLi demonstrated stronger relationships between (1) RF and knee extension moments, (2) ST and gastrocnemius to knee flexion moments and lower relationships between (3) BF and knee flexion, (4) gastrocnemius and external knee rotation, and (5) hip muscles and hip abduction.
A weight-bearing force matching task was used to limit biomechanical contributions to force generation so muscle activity can be better associated to measured loads. Although, our reported muscle activationmoment relationships were elicited in a static testing condition, results may be able to infer dynamic knee joint stabilization strategies. During a given moment when the foot is in contact with the ground, a force is exerted by the body to the ground and an equal and opposite force is exerted from the ground back to the body via the foot. The person responds to these GRFs by activating the lower limb muscles needed to regulate these forces across the joint and maintain stability. Our protocol was built on this premise where subjects stand and are required to produce GRFs while maintaining a static posture.
Quadriceps
While there was a significant difference in the knee extension b values in the vastii models, both groups had very weak model goodness-of-fit values (R 2 < 0.1), meaning the likelihood of a reciprocal increase in vastii activity with any change in knee joint moments is poor. This is illustrated by their non-specific activation patterns (Fig. 2) . Non-specific activation patterns in vastii has also been reported by MacLeod et al. 32 who implemented a similar weight-bearing isometric force matching task in a neutral standing position. Based on our results, vastii muscle activation is considered to be independent of changes in internal net joint moments for both CON and ACLi groups which is supported by previous works indicating that vastii are general joint stabilizers, contracting to increase compressive loads and joint stiffness in all loading axes. 16, [33] [34] [35] ACLi also demonstrated a greater relationship between RF activation and knee extension moments compared to CON. Under certain conditions increased knee extension moments resulting from quadriceps activation will increase ACL strain by generating anterior tibial translation. 36, 37 However, in vitro studies that simulate weight bearing tasks and impose physiological loading conditions demonstrates that quadriceps actually has a stabilizing role such that increasing its activation increases compressive forces and reduces ACL strain. 12, 38 Furthermore, ACLi copers have greater quadriceps strength compared to non-copers and their activation patterns more closely resemble non-injured controls. 11, 39 Taken together, we consider quadriceps function to be critical for maintaining knee stability. 12, 38, 39 Hamstrings As hamstring muscles resist anterior tibial translation, 4 the lower relationship of BF to knee flexion observed in ACLi compared to CON may contribute to reduced stability after ACL injury. In support, ACLi non-copers show deficits in lateral hamstrings activation during weight acceptance of running/jogging compared to copers and controls. 11 Alternatively, the greater relationship between ST and knee flexion in the ACLi group was considered a strategy to increase knee stability. This result is noteworthy since the tendon of ST is a commonly used autograft. It is also important to note that hamstring moment arms also contribute to rotational stability. 16 Its absence after reconstruction may relate to the high rates of dysfunction following surgical interventions. 1 Furthermore, the inverse relationship of ST and BF to knee flexion after ACL injury aligns with previous studies reporting imbalanced antagonist activation in populations exhibiting knee instability. 10, 40 Altered hamstring activation may compromise load distribution across the knee joint, furthering the risk of instability and joint degeneration. 41 Gastrocnemius Differences in gastrocnemius activation has been reported in populations with knee instability, 11, 42 but Only joints which the given muscle crossed were included in the comparisons. Between group differences in b coefficients are denoted by an asterisks ( Ã ) at the p < 0.05 level. Moment direction: ext, extension; flex, flexion; add, adduction; abd, abduction; IR, internal rotation; ER, external rotation; Dorsi, dorsiflexion; Plantar, plantarflexion moments.
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how this change impacts knee joint loads is unclear. Since the gastrocnemii is considered synergistic to the quadriceps, aiding to compress the knee and lower ACL forces while weight bearing, 43 ,44 the significant relationship between gastrocnemii and knee flexion adopted by ACLi is deemed to be a protective knee stabilization strategy.
The gastrocnemii also has potential to contribute to rotational knee moments and are commonly the first to activate during rotational perturbations. 45 Consider that ACL strain is greatly affected by external rotational loads 37 and is a major component of the ACL injury mechanism 46 then a stronger relationship between LG and knee internal rotation in ACLi compared to CON is viewed as a protective adaptation while the lower relationship between MG and knee external rotation moments adversely affects stability. Previously observed variations in ACLi gastrocnemii activity 11, 42 may therefore be more associated with the gastrocnemii's contribution to rotational stability rather than sagittal plane loads.
Hip Muscles
Abduction loads are another large determinant of knee instability and a primary contributor to ACL injury. 47 To effectively oppose these loads, an internal knee adduction moment is required. Only BF demonstrated a significant relationship with knee adduction moments. However, BF lacks sufficient mechanical advantage for generating knee adduction moment. 48 This result was attributed to a statistical limitation whereby BF's bi-modal pattern consisting of (1) hip extension/knee flexion and (2) hip/knee external rotation moments cannot be dissociated from that of knee adduction moment. 16 Instead, hip abductors are suggested to be greatest contributors to internal knee adduction moments, while knee spanning muscles are more related to compressing the knee joint (reflecting a stabilization role). 49 Our study shows a lower relationship between GM activity and hip abductor moment in ACLi compared to CON. These findings are supported by previous work that reveal smaller hip abductor to hip adductor co-activation ratios in adults who visually display medial knee displacement during single leg squats compared to those who do not. 50 The lower GM and hip abductor moment relationship may also be attributed to weaker hip abductor muscles in ACLi 51 since weakened hip abductors can lead to increased knee valgus alignment and reduced knee adductor moments. 52 In addition, ACLi showed a greater relationship between ADD and hip adduction compared to CON. While weight bearing, higher hip adduction moment will also increase the potential for knee valgus alignment (if all other variables are held constant). 53 Taken together, changes in hip muscle activation after ACL injury are suggested as destabilizing. [51] [52] [53] Methodological Considerations Although we believe the force matching task to be functionally relevant (consider bracing yourself on a moving bus and stabilizing against a breaking or turning motion), and elicited GRFs that are comparable in magnitude to some sporting maneuvers, such as jump landing and running initiation, 54 it is kinematically isometric and applied forces may not reflect those observed in more demanding activities associated with ACL injury, like side-cuts and braking motions. 55 However, it is important to note that much of our current understanding about the relationship between knee muscle activation and force generation is built predominantly on experiments using isometric contractions. Appreciating that knee joint loads experienced during functional activities are multi-directional, previous works by Buchanan and coworkers 14, 56 implemented a similar force matching protocol to ours except participants produced loads against a load cell while sitting. Although they demonstrated muscle activation patterns to be dependent on moment arm orientation, 56 and that the specificity of muscle activation (variation about the mean direction of activation) is decreased in ACLi compared to CON, 14 the muscle activation patterns elicited in our weight-bearing protocol were greater in magnitude and less specific (BF, ST, MG, LG, TFL) or non-specific (VL, VM), 15, 16 indicative of greater co-activation. Similar weight-bearing muscle activation patterns have been observed by our group in uninjured young adults, uninjured older adults, and adults with osteoarthritis 15, 57 as well as in another weightbearing force matching protocol where participants stood in a neutral position, 32 contrasting our staggered stance. As such, we believe our results are comparable to other populations and provide a better understanding of the neuromuscular contribution to knee joint loads because it simulates physiological loads in a controlled yet more functionally relevant manner.
In addition to other limitations addressed previously, 16 time since injury to participation was not controlled for in this study. As such, a large range in time since injury was observed in our patient population which may have contributed to the high variability observed in ACLi because we had acute and chronically injured participants grouped together. However, only recently consented patients for surgical intervention were included; therefore, we assume patients with longer times since injury reported new onsets of instability. Furthermore, ACLi participants were required to report knee instability at the time of consult; however, this patient reported outcome was not standardized and may include definitions of reduced self-efficacy, pain, or episodes of giving way.
Lastly, we normalized experimental EMG to MVIC values. Voluntary deficits in muscle function have been observed in ACLi individuals compared to controls, and these deficits can persist for years following injury and/or reconstruction, 8 indicating a higher activation would be needed to produce the same force. Even though our task was normalized to maximum effort, ACLi had significantly lower GRF magnitudes, reduced hip and knee joint moments, but no reductions in muscle activation levels, suggesting ACLi is weaker than CON and normalized EMG amplitudes may be overestimated. Since this deficit is most prominent in the quadriceps, this may account for several studies that also report greater activation of the quadriceps group in ACLi populations compared to CON. 11 It remains unclear whether greater quadriceps activation actually results in greater compressive forces (thus increasing stability) or is an up-regulation of activity to compensate for functional capacity and may not actually be a joint stiffening strategy. Further investigation into this relationship is warranted.
CONCLUSION
This study sought to describe the functional contributions of muscles to maintaining knee joint stability such that differences in muscle EMG and internal joint moment relationships between ACLi and CON could be identified. Observed differences could infer neuromuscular compensation strategies that may reduce or increase knee joint stability after ACLi. This was achieved by quantifying the relationships between lower limb muscle activation and internal net joint moments under static conditions.
Our findings suggest that ACLi maintain knee joint stability by increasing contribution of (1) RF to knee extension moments; (2) ST and gastrocnemii to knee flexion moments; and (3) LG to knee internal rotation moments. In contrast, the ACLi also showed lessened contributions of (1) BF to knee flexion; (2) MG to knee external rotation; and (3) varied contributions of hip muscles to frontal plane hip moments, which may adversely affect knee joint stability. We suggest that ACLi can compensate for their injury by optimizing muscle activation that controls sagittal plane stability while their ability to stabilize the knee against external abduction and rotational loads is compromised. Common functional measures for evaluating knee joint function in ACLi or reconstructed populations are dominated by sagittal plane loads; however, frontal and transverse plane loads are also defining factors in the ACL injury mechanism and episodes of giving way. If results of this study are also valid under dynamic conditions then hamstring muscle balance, hip abductor and gastrocnemius function during frontal and transverse plane loading conditions should be emphasized in clinical assessments and rehabilitative/ preventative exercise interventions.
SUMMARY
The relationship between individual muscle activation and internal net moments were quantified in ACL injured and control participants under static conditions. If generalizable to dynamic conditions, it is suggested that neuromuscular adaptations in quadriceps and medial hamstring activation are protective strategies to increase sagittal plane stability. Changes in hip abductor and gastrocnemius function were considered to adversely affect frontal and rotational plane stability. The importance of hamstring muscle balance, hip abductor and gastrocnemius function to knee joint stability and their role in clinical assessments and rehabilitation should be studied further.
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